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Introduction {#sec1}
============

Printing has played a crucial role in promoting the development of human civilization ([@bib8], [@bib17], [@bib29]). Also, beyond publishing and transacting, nowadays "printing" is endowed with more roles in fulfilling myriad demands such as fabricating delicate structures and patterned functional materials ([@bib6], [@bib8], [@bib16], [@bib23], [@bib24], [@bib26], [@bib27]). However, although printing holds great promises for fabricating and manufacturing patterned functional materials ([@bib28], [@bib34], [@bib36]), the realization of functional properties of patterned materials such as tunability and mechanical and electrical stabilities heavily relies on not only the pattern delivering technologies but also the compatibility of the "donor patterns" and receiver materials ([@bib4], [@bib5], [@bib11], [@bib13], [@bib17], [@bib20], [@bib21], [@bib22], [@bib28], [@bib29]).

Driven by the demand of speed and precision in processes, and inspired from interface manipulation ([@bib28], [@bib30], [@bib31]), rapid progress has been made in liquid printing technologies based on immiscible interfaces, such as green plate-making technology ([@bib3], [@bib36]), inkjet printing of concave microstructures ([@bib2]), inkjet printing of embedded circuits ([@bib15]) and microchannels ([@bib10]), all-liquid printing of microchannels ([@bib6]), 3D microstructure fabrication via dynamic dewetting surfaces ([@bib33]), and 3D printing of droplet networks or threads ([@bib7], [@bib31]). However, even that the immiscible interfaces ([@bib35]) provide convenience in shaping delicate structures, it is limited in uniformity and integrity in fabricating intrinsically patterned materials, leading to compromises of functional properties. Moreover, another difficulty in optimizing the properties of patterned functional materials is that, an independent patterning process usually follows the material preparation ([@bib19]). Therefore the integration of these two will benefit by saving time, ensuring structural integrity, and potentially enabling more application for intelligent manufacturing.

It is most commonly thought that liquid-liquid interfaces refer to the interfaces in immiscible systems ([@bib12], [@bib35]), due to their clear contact line and sustained phase boundaries. However, for printing applications based on immiscible systems, their material selections could be restricted, and therefore most of them are derived from oil-aqueous solution systems ([@bib7], [@bib31]). The miscible liquid-liquid interfaces have proved their usefulness in numerous industrial applications such as oil recovery and oil extraction ([@bib32]). Distinct from those in immiscible systems, the dynamics involved with miscible liquid-liquid interfaces, even after agitating, are time variant and the interfaces in between would eventually disappear, leading to the whole homogeneity of mixture ([@bib1]). This whole homogeneity is highly desirable in many manufacturing processes and can hardly be achieved in the immiscible systems. Also, the time-variant interfaces provide us with more possibilities in synchronizing multifunction. Here we show a liquid transfer printing approach, which employs the miscible liquid-liquid interfacial contact, through interfacial diffusion, and solidification, taking advantage of time variability of miscible interface, to achieve synchronization of designated material preparation with stable transfer printing without interfacial wettability restriction.

Results and Discussion {#sec2}
======================

[Figure 1](#fig1){ref-type="fig"}A contrasts the printing concept at different interfaces. For the liquid-liquid interface, the donor liquid starts to migrate into the receiver liquid after the contact between them, along with the solidification of the receiver, whereas for the liquid-solid interface (non-wetting system), the donor stays on the surface of the receiver. Owing to its high tunability in preparing dynamic liquid-liquid interface ([@bib1], [@bib9], [@bib14], [@bib25]), electrospray was selected to demonstrate our liquid-liquid printing concept. [Figure 1](#fig1){ref-type="fig"}B shows a typical process of our liquid-liquid printing for synchronization of material preparation. Compared with the conventional printing, our liquid-liquid printing excels in non-wetting systems ([Video S1](#mmc2){ref-type="supplementary-material"}). When we chose a red dye aqueous rhodamine B solution (RB) as donor, and PVDF (acetone-DMAC) (polyvinylidene fluoride with acetone-dimethylacetamide) as receiver, RB could not sustain on the surface of solid PVDF, due to the hydrophobic surface of the solid PVDF. However, liquid-liquid printing has no such limitation, because the liquid interface could let the aqueous dye into the liquid PVDF (acetone-DMAC) before its solidification. Thus our liquid-liquid printing approach with the unrestricted wetting condition would expand the scope of printing materials.Figure 1Liquid-Liquid Printing Mechanism for Synchronization of Material Preparation and Material Patterning(A) Different behaviors of mass transfer at liquid-liquid and liquid-solid interfaces. S~R~ is the solid state of the receiver liquid (L~R~), whereas S~D~ is the solid state of the donor liquid (L~D~). For liquid-liquid interface, the donor liquid could spontaneously diffuse into the bulk of the receiver liquid. For liquid-solid interface, the donor could only stay on the surface of the receiver. See more details in [Figure S1](#mmc1){ref-type="supplementary-material"} and [Table S1](#mmc1){ref-type="supplementary-material"}.(B) Schematic illustration of a liquid-liquid printing process. See more details in [Figure S2](#mmc1){ref-type="supplementary-material"}. Top right inset, intricately designed patterns with high resolution. The donor liquid is neutral red ink, and the receiver liquid is PVDF (acetone-DMAC) ([Figure S3](#mmc1){ref-type="supplementary-material"}). Scale bars, 5 mm.

Video S1. Liquid-Liquid Printing (LLP) and Liquid-Solid Printing (LSP) for Non-wetting System, Related to Figures 1 and 4The liquid-liquid printing process was performed with an electrospray machine. For liquid-liquid printing, the donor is aqueous ink and the receiver is PVDF (acetone-DMAC). For liquid-solid printing, the donor is aqueous ink and the receiver is hydrophobic PVDF.

[Figure 2](#fig2){ref-type="fig"}A shows our data matrix from printing experiments of 60 pairs of different donor and receiver liquids, among which 41 work well. We found that when the receiver liquids are highly volatile, it is difficult for pattern transfer between the interfaces because of the quicker evaporation of the solvents, which leaves behind the solid-solid or the solid-liquid contact rather than the liquid-liquid contact. The affinity between the two liquids depends on their mutual solubility. For example, carmine with deionized (DI) water could not be used as the donor material to make patterns inside the receiver liquid of polylactic acid (PLA) with dichloromethane (DCM), as they are immiscible liquids. However, when the soluble receiver liquid, such as polystyrene with tetrahydrofuran-dimethylformamide was selected, it worked. Deriving from the above, it is thought that the two factors accountable to realize the synchronization of material preparation and material patterning by liquid-liquid printing are volatility and affinity.Figure 2Data Matrix of 60 Pairs of Different Donor and Receiver Liquids(A) The printing experimental results on 60 pairs of different donor and receiver liquids. The solvents are in the brackets following by the solutes. For example, donor RB (GLY) means GLY (GLYglycerin) is the donor solvent and RB is the donor solute. Other solvents include shell oil (SO), dimethylacetamide (DMAC), dimethylformamide (DMF), formic acid (FA), dichloromethane (DCM), and tetrahydrofuran (THF). The corresponding solutes include polystyrene (PS), polylactic acid (PLA), polyvinyl butyral (PVB), polyvinylpyrrolidone (PVP), sunset yellow (SY), carmine (CM) and Sudan red (SD).(B) The ratio between the volatilization rate of the donor and receiver with regard to the affinity between the donor and receiver. Volatilization rate is the mass reduction of the liquids divided by the elapsed time whereby the liquid is vaporized ([Table S2](#mmc1){ref-type="supplementary-material"}). The affinity is obtained by dividing the value of receding angle by the solubility level of the donor solute in the receiver solvent ([Tables S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}). The experiments show that in the cyan shading area, the pattern transfers at the liquid-liquid interface have higher possibilities to be achieved, whereas in the pink shading area some of them may not be achieved.

The ratio between the volatilization rates of the donor and receiver liquids was further investigated with regard to a certain affinity between the two liquids ([Figure 2](#fig2){ref-type="fig"}B). It is noted that the slower the receiver liquid volatilizes, the easier the donor can deliver into it. When the ratio is above 1.55, meaning the volatilization rate of the donor liquid is at least 1.55 times the volatilization rate of receiver, pattern transfer at the liquid-liquid interface could be well achieved. For instance, when RB is used as a donor liquid, if we choose polyvinylpyrrolidone with formic acid as the receiver liquid, the ratio of volatilization of which is 0.72, the donor liquid material cannot deliver into the receiver; if we choose the liquid PVDF (acetone-DMAC) as the receiver liquid, the ratio of which is 4.00, the pattern of donor liquid can be printed into the receiver. Incomplete transfer can occur in the immiscible systems due to the solvent extraction effect. For example, the donor liquid RB can also be partly transferred into the receiver liquid PLA with DCM, because of the higher solubility of RB in dichloromethane than DI water.

The diffusivity property on the miscible liquid-liquid interfaces between two materials plays a big part in controlling the size of patterns obtained through our liquid-liquid printing mechanism, as after the contact, the donor liquid patterns tend to expand. Two parameters are employed to realize accurate sizes of the patterns. One is the mass ratio of the receiver solvent to the overall receiver (*c*) and the other is the contact time between the donor and the receiver. Here we selected a line pattern to demonstrate how to obtain the original or the extended width ([Figure 3](#fig3){ref-type="fig"}A). [Figure 3](#fig3){ref-type="fig"}B illustrates the ratio of the width change before and after printing by increasing *c*. When *c* is below 0.08, the ratio is at 1 to achieve the original pattern size printing, whereas when *c* is above 0.08, the ratio increases rapidly with the increase of *c*.Figure 3Pattern Size Tuning of Liquid-Liquid Printing(A) Schematic diagram of the diffusion model. *W*~*0*~ is the original width of the pattern line.(B) Mass ratio of the receiver solvent to the overall receiver, i.e., *c*, regulates the printing line width. It is determined by mass flow rate ([Table S6](#mmc1){ref-type="supplementary-material"}). The liquid receiver is PVDF (acetone-DMAC) ([Figure S4](#mmc1){ref-type="supplementary-material"}A), whereas the liquid donor is black neutral pen ink ([Figure S4](#mmc1){ref-type="supplementary-material"}B). *W*~*c*~ is the width of the line for a special *c*. The blue circles are experimental data for the ratio between *W*~*c*~ and *W*~*0*~, whereas the black curve represents the model results. Scale bars, 0.5 mm. The experiments are conducted at 25°C and 35% ± 3% relative humidity.(C) The diffusion time regulates the printing line width. *W*~t~ is the width of the line at a certain time (t). The blue circles are experimental data for the ratio between *W*~t~ and *W*~*0*~, whereas the black curve represents the theoretical simulation results. Scale bars, 0.5 mm.

A theoretical model is established on the underlying mechanism of quality and controllable mass transfer under our liquid-liquid printing system. The donor liquid (L~D~) that is composed of solvent (L~DS~) and solute (ink pigment) is mixed with the receiver liquid (L~R~) that is composed of solvent (L~RS~) and solute (polymers, L~RP~) in the vicinity of contact. First, we studied the diffusion of the donor solvent in the receiver. When the mass ratio of the receiver solvent to the overall receiver (*c*) is low, the diffusion of the donor solvent is primarily dominated by diffusing through the polymers in the receiver, whereas when *c* is high, the donor solvent can diffuse into the receiver easier with the facility of the solvent in the receiver. Therefore, the diffusivity of the donor solvent in the receiver is defined as follows:$$a\left( c \right) = \left\{ \begin{matrix}
D_{1\text{poly}} & {c < c_{\text{cri}}} \\
{\frac{\left( {D_{1\text{solv}} - D_{1\text{poly}}} \right)}{2}\left\lbrack {1 - \cos\left( {\frac{\pi}{1 - c_{\text{cri}}}\left( {c - c_{\text{cri}}} \right)} \right)} \right\rbrack + D_{1\text{poly}}} & {c_{\text{cri}} < c < 1} \\
\end{matrix} \right.$$where *D*~1solv~ is the diffusion coefficient of the pure donor solvent in the receiver solvent L~RS~, *D*~1poly~ is the diffusion coefficient of the pure donor solvent in the receiver polymer L~RP~, and *c*~cri~ is the critical mass ratio of the receiver solvent to the overall receiver for the receiver solvent to start promoting the diffusion of the donor solvent ([Table S5](#mmc1){ref-type="supplementary-material"}). Next, we studied the diffusion of the donor ink solute in the receiver, for which we referred to a theoretical model proposed by Kunii ([@bib18]), and define the diffusivity of the ink solute as$$Z\left( {g/{f,c}} \right) = \left\{ \begin{matrix}
{D_{0}\left( c \right)} & {{g/f} < Z_{0}} \\
{\frac{ra\left( c \right)}{2}\left\lbrack {1 - \cos\left( {\frac{\pi}{\left( {Z_{1} - Z_{0}} \right)}\left( {\frac{g}{f} - Z_{0}} \right)} \right)} \right\rbrack + D_{0}\left( c \right)} & {Z_{0} < {g/f} < Z_{1}} \\
{ra\left( c \right)} & {{g/f} > Z_{1}} \\
\end{matrix} \right.$$where *g* is the density of the donor solvent and *f* is the density of the donor ink solute and *Z*~0~ and *Z*~1~ are two constants determining the drag of solvent on solute. When *g/f* is smaller than *Z*~0~, the flow of the donor liquid is not sufficient enough to accelerate the flow of the ink solute in the donor into the receiver. In this case, the diffusion coefficient of the ink solute is *D*~*0*~ (*c*), which has a similar form as [Equation 1](#fd1){ref-type="disp-formula"}. If *g/f* is bigger than *Z*~1~, the donor ink solute will move with the donor liquid. However, due to the resistance of the polymers, the diffusion coefficient of the ink solute in the donor is smaller than that of the donor liquid by a factor *r* that is smaller than 1. If *g/f* is in between, we use a cosine function as the transition curve for the diffusion coefficient of the ink solute. As shown in [Figure 3](#fig3){ref-type="fig"}B, as the solvent content in the receiver *c* increases, it promotes more ink solute to diffuse into the donor, and thus the width of the print is wider. This model also captures the kinetic process. As shown in [Figure 3](#fig3){ref-type="fig"}C, the width of the print is plotted as a function of time. As time increases, the width of the print increases and eventually reaches a plateau value. The experimental results and theoretical predictions agree well, and this model can be used for the quantitative system design.

Our liquid-liquid printing can be used to prepare universally durable patterned materials ([Figure 4](#fig4){ref-type="fig"}A and [S5](#mmc1){ref-type="supplementary-material"}, and [Video S1](#mmc2){ref-type="supplementary-material"}), and these prepared materials are very stable, even under harsh conditions ([Figure 4](#fig4){ref-type="fig"}B). We further demonstrate its application scopes by realizing complex printing ([Figures 4](#fig4){ref-type="fig"}C, [S6](#mmc1){ref-type="supplementary-material"}, and [S7](#mmc1){ref-type="supplementary-material"}A), colorful printing ([Figures 4](#fig4){ref-type="fig"}C and [S7](#mmc1){ref-type="supplementary-material"}B), multifunctional printing ([Figures S7](#mmc1){ref-type="supplementary-material"}C--S7E), and 3D printing ([Figures 4](#fig4){ref-type="fig"}C and [S8](#mmc1){ref-type="supplementary-material"}). Our approach also shows promise in making flexible circuits ([Video S2](#mmc3){ref-type="supplementary-material"}). Compared with the conventional circuits\' liquid-solid printing (LSP), the circuits\' liquid-liquid printing (LLP) shows lower resistivity ([Figures 4](#fig4){ref-type="fig"}D and [S9](#mmc1){ref-type="supplementary-material"}), better mechanical flexibility ([Figure 4](#fig4){ref-type="fig"}E), and durability ([Figure 4](#fig4){ref-type="fig"}F) during the folding process. Because of the dewetting property of the aqueous ink donor on the hydrophobic receiver solid, LSP left behind many cracks on the surface of the final products, whereas LLP left behind a smooth surface without cracks (see [Figures 4](#fig4){ref-type="fig"}G, [S10](#mmc1){ref-type="supplementary-material"}, and [S11](#mmc1){ref-type="supplementary-material"}). Moreover, our approach can be used to prepare waterproof circuits ([Figure S12](#mmc1){ref-type="supplementary-material"}, [Video S2](#mmc3){ref-type="supplementary-material"}). Therefore, this printing approach opens possibilities in building stable, defect-free, non-wetting, waterproof printing technology for huge demand in deformable circuits.Figure 4Advantages and Applications of Liquid-Liquid Printing(A) Compatibility. The liquid-liquid printing (LLP) symbol could withstand surface rinsing (I), whereas the same liquid-solid printing (LSP) symbol disappeared after surface rinsing (II). LLP is compatible with various donor liquids (III). From left, oily gel donor, ballpoint pen ink donor, and two aqueous gel donors. A fluorescent donor (IV). The right inset is a magnified fluorescence photograph. Scale bars, 5 mm.(B) Stability. Schematic illustration (top) of the treatment process and optical images (middle and bottom) of the LLP stars before and after immersing into the strong acid, strong alkali, salt brine, boiling water, and the organic solvent. Scale bars, 3 mm.(C) Examples of intricately designed patterns by liquid-liquid printing: complex, colorful, wearable, and three-dimensional (3D) products. Scale bars, 5 mm.(D) The length-resistance tests of the conductive circuits prepared by LLP and LSP.(E) Relative resistance of printing circuits folded under various folding angles. The inset is the schematic illustration of the bending tests. The LLP circuits (thickness 54 μm) achieve better mechanical flexibility, whereas the LSP circuits (thickness 64 μm) broke when bending to 120°.(F) The relative resistance change of the LLP flexible circuits as a function of the folding times under 180° folding angle.(G) A light-emitting diode device connected by LLP flexible and transparent circuits, which were supported on a paper (left). Zoomed-in view of the surface morphology of the LLP and LSP circuits (right). LLP circuits show a smooth surface after drying, whereas LSP circuits have many cracks on the surface. Scale bars, 1 mm (top) and 100 μm (bottom).

Video S2. Liquid-Liquid Printing and Liquid-Solid Printing Flexible Circuit Materials, Related to Figure 4To prepare waterproof circuit, the resulting LLP circuit was peeled off from the substrate and turned over for another electrospray process. Therefore the resulting waterproof circuit was sandwiched between two layers of PVDF.

Conclusion {#sec2.1}
----------

In summary, we show a new liquid-liquid printing capable of achieving the synchronization of material preparation and durable material pattern without wetting constraint. This mechanism realizes a controllable pattern transfer by miscible liquid-liquid interfacial contact, diffusion, and solidification. By our experimental results and theoretical modeling, there are 60 combination experiments with 41 combinations of liquid-liquid printing that work well. The main reasons for the remaining unworkable combinations are two key factors: volatility and affinity. We found the critical value of liquid-liquid printing as the ratio of liquid volatilization rate is 1.55. Controllable printing is expected to be achieved by liquid-liquid interface behavior. It was assumed that two effective ways in our system to get controllable sizes of patterns are by utilizing the mass ratio of the receiver solvent and the diffusion time. Our approach is applicable to miscible liquid-liquid system and breaks the limitation of printing materials in the non-wetting system. Moreover, it has great potentials in defect-free material preparations for many applications such as durable and deformable electrical circuits, flexible and wearable devices, electronic displays, and many other applications beyond publishing, packaging, and manufacturing.

Limitations of Study {#sec2.2}
--------------------

When the volatilization rate of the donor liquid is at least 1.55 times that of the receiver, pattern transfer at the liquid-liquid interface can be ensured. This is obtained through 60 pairs of donor and receiver liquids in our study, so we do not know if the ratio can vary with more different samples.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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